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In this study we report the biochemical characterization of a hypothetical protein from Aspergillus
oryzae exhibiting sequence identity with feruloyl esterase and tannase from the genus Aspergillus.
The puriﬁed recombinant protein showed a hydrolytic activity toward the ethyl, propyl, or butyl
esters of 4-hydroxybenzoic acid, but did not show feruloyl esterase or tannase activity. Finally,
the enzyme decreased the antimicrobial activity of parabens against A. oryzae via hydrolysis of
the ester bond present in butyl 4-hydroxybenzoic acid.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Phenolic acids are a subgroup of secondary metabolites found in
plants. These metabolites are referred to as phenolics and are in-
volved in plant defense against ultraviolet radiation and patho-
gens. The two classes of phenolic acids, hydroxybenzoic and
hydroxycinnamic acids, are derived from benzoic and cinnamic
acids, respectively [1]. The most common hydroxycinnamic acids
are p-coumaric, caffeic, ferulic, and sinapic acids [2]. Ferulic acid
is released from plant cell walls by the action of feruloyl esterases
(EC 3.1.1.73), which are effective industrial components because of
their antioxidant and photoprotective properties [3]. Tannic acid
(digallic acid) consisting of a depside ester linkage is a type of
hydroxybenzoic acid ester and exists in various beverages includ-
ing tea. Tannase (EC 3.1.1.20) is commercially available and used
to prevent muddiness during beverage preparation. The
4-hydroxybenzoic (HBA) acid esters, commonly designated as
parabens, are important preservative components often used in
pharmaceutical, cosmetic, and the food industries because of their
stability and activity over a wide pH range. Parabens exhibit broad-
spectrum antimicrobial activity against molds, yeasts, and bacteria
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T. Koseki).There are many reports on feruloyl esterases and tannases and
on the genes coding these proteins in fungi including the genus
Aspergillus [5–12]. Fungal feruloyl esterases, belonging to subfam-
ily 1 [13], and tannases are classiﬁed as part of the tannase/feruloyl
esterase family in the ester database [14]. An esterase hydrolyzing
parabens (paraben esterase) and the gene coding it in Enterobacter
cloacae have been isolated and characterized [15,16]. Thus far, no
genes coding for paraben esterase have been isolated and charac-
terized from fungi. In the present study, we report the biochemical
characterization of AoPrbA, a novel esterase hydrolyzing parabens,
which is annotated as hypothetical protein AO090023000615
(BAE59141) in the Aspergillus oryzae genomic database (http://
www.bio.nite.go.jp/dogan/).2. Materials and methods
2.1. Cloning and expression of the AoprbA gene
We used the paraben esterase gene obtained from A. oryzae
RIB40. A hypothetical protein annotated as AO090023000615,
which exhibited sequence identity with tannases and feruloyl
esterases, was coded by the A. oryzae genomic sequence. The open
reading frame (ORF) of AO090023000615 was provisionally named
AoprbA. The mature protein-coding sequence of AoprbA was ob-
tained by polymerase chain reaction (PCR) using the forward pri-
mer (50-ATCGATGACGGCCGCCGTGACGAG-30) and the reverse
primer (50-TCTAGACTAATGACCTTCTTCAC-30), designed based on
the available sequence (AO090023000615) and by using A. oryzae
genomic DNA as the template. No introns were identiﬁed at thelsevier B.V. All rights reserved.
T. Koseki et al. / FEBS Letters 584 (2010) 4032–4036 4033ORF of AO090023000615. The PCR product was cloned into the
pGEM-T Easy vector (Promega, Madison, WI, USA) to determine
the DNA sequence using an ABI PRISM 310 genetic analyzer
(Applied Biosystems, Tokyo, Japan). The AoprbA fragment was sub-
cloned into an EcoRI–XbaI-digested pPICZaA expression vector
(Invitrogen, Tokyo, Japan). The constructed expression vector con-
tained the a-factor secretion signal sequence. AoprbA was ex-
pressed in Pichia pastoris SMD1168H in accordance with the
manufacturer’s protocol (Invitrogen). Enzyme puriﬁcation was per-
formed as described in a previous report [17].
2.2. Substrate speciﬁcity and kinetic analysis
Paraben esterase activity was assayed as follows: 0.05 ml of
10 mM ethyl 4-hydroxybenzoic acid (EHBA), propyl 4-hydroxyben-
zoic acid (PHBA), or butyl 4-hydroxybenzoic acid (BHBA) dissolvedFig. 1. Alignment of paraben esterase, feruloyl esterase, and tannase amino acid sequen
AO090023000615); AoFaeB, a feruloyl esterase B from A. oryzae; AoFaeC, feruloyl esteras
esterase B from A. niger; AoTanA, a tannase from A. oryzae. Identical amino acid residuein dimethyl sulfoxide was added to 0.9 ml of 50 mM sodium phos-
phate buffer (pH 7.0). Following this, 0.1 ml of enzyme source was
added. The reaction mixture was incubated for 10 min at 37 C, and
the reaction was terminated by incubating in boiling water for
5 min. We detected HBA released during this process using high-
performance liquid chromatography (HPLC) with ultraviolet detec-
tion (280 nm). Aliquots of the supernatant (10 ll) were applied to a
reversed-phase column (TSKgel ODS-120T; Tosoh, Tokyo, Japan)
for HPLC. The mobile phase was 50 mM acetate buffer (pH 4.0) pre-
pared in water and acetonitrile (70:30). The column was operated
at a ﬂow rate of 0.5 ml/min at 40 C. One unit (U) of enzyme activ-
ity was deﬁned as the amount of enzyme that releases 1 lmol of
HBA/min under the assay conditions described above. To deﬁne en-
zyme kinetics, the speciﬁc activity and kinetic constants for para-
ben esterase activity were measured using EHBA, PHBA, and
BHBA (Sigma, Tokyo, Japan). The kinetic constants were ﬁt usingces from Aspergillus. AoPrbA, a paraben esterase from A. oryzae (accession number
e C from A. oryzae; AN1722.2, a feruloyl esterase from A. nidulans; AnFaeB, a feruloyl
s are indicated in black boxes.
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The enzyme’s substrate speciﬁcity was also investigated using
methyl ferulic acid (MFA), methyl p-coumaric acid (MpCA), methyl
caffeic acid (MCA), methyl sinapic acid (MSA), chlorogenic acid (5-
o-caffeoyl quinic acid; CGA), methyl 3,4-dihydroxy benzoic acid
(MDHBA), and methyl 3,4,5-trihydroxybenzoic acid (MTHBA). The
protein concentration was estimated using the Micro BCA protein
assay kit (Pierce, Otsu, Japan).
2.3. Antifungal activity assay
Antifungal activity against A. oryzae RIB40 was measured using
paper disks (diameter, 8 mm; Advantec, Tokyo, Japan). Antifungal
paper disks with a ﬁnal concentration of 1.0 lM BHBA or 1.0 lM
BHBA supplemented with 10.0 lg rAoPrbA were loaded on potato
dextrose (PD) agar plates inoculated with A. oryzae. These plates
were then incubated at 30 C for 3 days. The antifungal activity
was estimated by measuring the diameters of the inhibition zones
formed on the agar.
3. Results
3.1. Analysis of the AoprbA gene
AoPrbA is a protein that comprises 529 amino acids. SignalP,
which is a web-based software program (http://www.cbs.dtu.dk/
services/SignalP), predicted that the putative AoPrbA protein
would contain a 23-amino acid secretory signal peptide. The pro-
tein sequences were aligned using the ClustalW program (http://
www.ebi.ac.uk/clustalw/) [18]. An alignment of the deduced amino
acid sequence of AoPrbA performed using ClustalW revealed a 29%
sequence identity with AoFaeB and AoFaeC of A. oryzae [11], 30%Fig. 2. Phylogenetic relationship among paraben esterase and its related hypothetical p
calculated using the ClustalW software program [18]. The phylogenetic tree was constru
1.6.6 software program. The bar indicates 0.1 substitutions per site. The numbers given
enzymes into different branches; a value 1000 means that the split is certain; the lower tidentity with AnFaeB of Aspergillus niger [8], 31% identity with
AN1772.2 of Aspergillus nidulans [9], and 21% identity with tannase
of A. oryzae [12]. The consensus sequence near the active site ser-
ines of the serine enzymes, proteases, lipases, and esterases was
Gly-Xaa-Ser-Xaa-Gly [19]. AoPrbA has one sequence matching this
motif, and this motif (Gly-Cys-Ser-Thr-Gly) was common to An-
FaeB, AN1772.2, AoFaeB, and AoFaeC (Fig. 1). However, the puta-
tive active site serine motif of A. oryzae tannase (AoTanA) was
Gly-Cys-Ser-Asp-Gly (Fig. 1). A BLAST search revealed the presence
of similar genes in genomes of other mold species, including A.
oryzae (AO090166000079). We determined the phylogenetic rela-
tionship between AoPrbA and its orthologues and fungal feruloyl
esterases and tannases. Fig. 2 reveals that AoPrbA and its ortho-
logues clearly belong to different enzyme classes.
3.2. Properties of puriﬁed recombinant AoPrbA (rAoPrbA)
Puriﬁed rAoPrbA had a molecular weight of 55 000 using
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(Supplementary data 1). When rAoPrbA activity was examined
using a-naphthylbutylate as a synthetic substrate, the enzyme
exhibited maximum activity at a pH of 7.0 and was stable at pH
5.0–9.0 (Fig. 3A). The optimal temperature and thermostability of
the enzyme were determined to be 45 C and up to 50 C, respec-
tively (Fig. 3B).
Hydrolytic activity of rAoPrbA was detected toward EHBA,
PHBA, and BHBA (Supplementary data 2). The speciﬁc activity of
rAoPrbA was the highest toward BHBA, reaching 0.42 units/mg-
protein (Table 1). The activity declined with shorter acylchain
parabens, reaching 0.28 units/mg protein for PHBA and 0.094
units/mg protein for EHBA (Table 1). However, the speciﬁc activity
of PrbA from E. cloacae was high toward EHBA, moderate towardroteins, feruloyl esterases, and tannases in fungi. Phylogenetic relationships were
cted based on the neighbor-joining method and visualized using the TreeView ver.
in the ﬁgure are bootstrap values. Bootstrap values are an indication of splitting the
he value, the higher the probability that the enzyme actually belongs in one branch.
Fig. 3. Effect of pH and temperature on the activity and stability of puriﬁed
rAoPrbA. (A) pH activity (black circles) and stability (crosses). The optimal pH and
pH stability of the puriﬁed enzyme was determined as described in a previous
report [17]. (B) Optimal temperature (black circles) and thermal stability (crosses).
The optimal temperature and thermal stability of the puriﬁed enzyme were
determined as described in a previous report [17].
Fig. 4. Effect of AoPrbA on the antimicrobial activity of BHBA against A. oryzae.
Antifungal paper disks with 1.0 lM of BHBA (A) and 1.0 lM of BHBA supplemented
with 10.0 lg of rAoPrbA (B) were loaded on a potato dextrose agar plate inoculated
with A. oryzae and incubated at 30 C for 3 days. The antifungal activity was
estimated by measuring the diameters of the inhibition zones formed on the agar.
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examined using model substrates for feruloyl esterase activity,
such as MFA, MCA, MpCA, and MSA, a model substrate for CGA
hydrolase activity and a model substrate for tannase activity
(MTHBA). However, we did not detect any activity of rAoPrbA to-
ward the above-mentioned substrates or MDHBA.
3.3. Kinetics of rAoPrbA
The Km and Vmax values were determined for ethyl paraben and
for the longer chain propyl and butyl parabens (Table 1). The Km
value of rAoPrbA was similar for EHBA, PHBA, and BHBA. The Km
values of EHBA, PHBA, and BHBA were also 2.5- to 3.5-fold lower
than those of PrbA from E. cloacae [16]. However, the Vmax values
for PHBA and BHBA were two- and threefold greater than those
for EHBA, respectively. Therefore, the overall catalytic efﬁciencyTable 1
Kinetic parameters of rAoPrbA for ethyl 4-hydroxybenzoic acid, propyl
Substrate Speciﬁc activity
(U/mg)
Ethyl 4-hydroxybenzoic acid 0.094 ± 0.004
Propyl 4-hydroxybenzoic acid 0.280 ± 0.029
Buthyl 4-hydroxybenzoic acid 0.420 ± 0.015
Values are given as means ± standard deviations. Results presented in(Vmax/Km) of rAoPrbA for PHBA and BHBA was 1.5- and twofold
greater than that for EHBA, respectively.
3.4. Effect of AoPrbA on antifungal activity of BHBA
BHBA (1.0 lM) formed an inhibition zone against A. oryzae
(Fig. 4A). However, 1.0 lM BHBA supplemented with 10.0 lg
rAoPrbA did not form inhibition zones (Fig. 4B). These results indi-
cate that the ester bond of BHBA is involved in antifungal activity,
suggesting that AoPrbA is associated with the decrease in anti-
fungal activity of BHBA.
3.5. Effect of BHBA on AoPrbA production
A. oryzae was grown at 30 C for 5 days in two submerged cul-
tures containing 0.1% (w/v) bactotryptone, 0.5% (w/v) yeast extract,
0.3% (w/v) sucrose, 0.1% (w/v) NaNO3 and 0.005% (w/v) BHBA was
added to other culture. Cultures were grown in 100 ml of medium
at pH 5.5, in 500-ml Erlenmeyer ﬂasks in an incubator-shaker at
110 rpm. Dry-weight of mycelia was 0.21 and 0.20 g in the culture
supplemented with BHBA and in control, respectively. Extracellu-
lar AoPrbA activity was higher in the culture supplemented with
BHBA (0.013 ± 0.0004 U/ml) than in control (0.008 ± 0.0008 U/
ml), suggesting that BHBA affects AoPrbA production in A. oryzae.
4. Discussion
The esters of HBA, commonly called parabens, are important
commercial preservatives. Parabens are often used in pharmaceu-
tical, cosmetic, and food products because of their excellent sta-
bility, within a wide pH range, broad-spectrum antimicrobial
activity, and low toxicity [4]. However, their mode of action is
not well understood. It has been postulated that parabens acts
by disrupting membrane transport processes [20] or by inhibiting
DNA and RNA synthesis [21] or key enzymes such as ATPases and
phosphotransferases in several bacterial species [22]. The eco-
nomic and medical impact of paraben degradation by microbial4-hydroxybenzoic acid, and butyl 4-hydroxybenzoic acid.
Km
(mM)
Vmax
(lmol min-1 mg-1)
Vmax/Km
0.12 ± 0.03 0.037 ± 0.004 0.30
0.17 ± 0.03 0.074 ± 0.001 0.43
0.18 ± 0.04 0.107 ± 0.009 0.60
the table are the mean of three experiments.
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organisms cited in the literature showing resistance to parabens
are bacterial species that become opportunistic pathogens. How-
ever, little information has been gathered concerning microbial
resistance including expression and regulation of genes and deg-
radation pathways with respect to parabens in fungi. It has been
reported that prbA genes coding esterases, which hydrolyze para-
bens in E. cloacae and Enterobacter gergoviae, confer resistance to
parabens [15]. However, there have been no reports on a paraben
esterase and its gene isolated from mold species. AoPrbA shares a
low sequence identity with fungal tannases and feruloyl esterases
(Fig. 1). Considerable hydrolytic activity of rAoPrbA was found to-
ward EHBA, PHBA, and BHBA (Supplementary data 2); however,
no activity of rAoPrbA was detected toward MFA, MCA, MpCA,
or MSA to suggest feruloyl esterase activity. The positional spec-
iﬁcity of rAoPrbA was investigated using MDHBA and MTBHA. No
hydrolytic activity was detected toward MDHBA or MTHBA to
suggest tannase activity, indicating that the presence of two or
three hydroxyl group substitutions in the para and meta positions
results in a loss of activity. AoPrbA does not show feruloyl ester-
ase activity or tannase activity, even though it shares sequence
identity with fungal feruloyl esterases and tannases. A kinetic
study revealed that the characteristics of rAoPrbA differed from
those of E. cloacae PrbA. Furthermore, AoPrbA shares a low se-
quence identity with bacterial PrbA, suggesting that AoPrbA is a
novel class of esterases from the fungus Aspergillus with speciﬁc-
ity toward parabens.
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